Introduction {#S0001}
============

Patients that suffer from primary immunodeficiency are at risk to develop haematological malignancies often associated with Epstein-Barr virus infection and of poor prognosis.^[1](#CIT0001)^ The reason for increased cancer risk could be failure of the immune system to eradicate tumors or due to intrinsic failure during myelopoiesis and lymphopoiesis. Mutations in the *WAS* gene that encodes for the cytoskeletal regulator WASp are associated with two immunodeficiency syndromes, Wiskott-Aldrich syndrome (WAS) and X-linked neutropenia (XLN). WAS is caused by loss-of-function mutations in WASp leading to severe immunodeficiency. The tumor incidence in WAS is estimated to be 13--22% with a median age of onset of 9.5 years and with poor prognosis.^[2](#CIT0002),[3](#CIT0003)^ WAS patient tumors include non-Hodgkin lymphoma, EBV positive and EBV negative lymphoma, Hodgkin lymphoma, Burkitt lymphoma, and less frequently myelodysplasia, acute lymphoblastic leukemia, myelomonocytic leukaemia, and nonhematopoietic malignancies.^[3](#CIT0003)-[10](#CIT0010)^ XLN is caused by mutations that destroy the auto-inhibitory folding of WASp thereby rendering WASp constitutively active.^[11](#CIT0011)-[15](#CIT0015)^ XLN patients show bone marrow arrest at the promyelocyte stage associated with development of myelodysplastic syndrome and acute myeloid leukemia. This is associated with aberrant segregation of chromosomes to the daughter cells and impaired cytokinesis during mitosis, leading to increased cell death.^[14](#CIT0014)-[16](#CIT0016)^ Moreover, somatic XLN mutations in WASp correlate with poor prognosis in patients with juvenile myelomonocytic leukemia and the XLN-WASp expressing leukemic clone becomes dominant in these patients.^[17](#CIT0017)^10.1080/2162402X.2018.1468954-T0001Table 1.Malignancies in the p53^+/-^ irradiation model.No.p53 geno-typeWASp genotypeDeath after irradiation (weeks)HistologyMacro-scopically ulceratingSpleno-megalyTumor infiltration of CD45+ (FACS)A) Spindle cell tumors 46B+/-+9Cystic hair follicle dilatation with large numbers of F4/80+ spindle shaped atypical cells in surrounding dermisNOYESN/A 89C+/-+13Spindle tumor, malignant, NOS; up to 8 mit/40x. Ulcerated. Extensive F4/80 positivity in spindle cell tumor area.YESNOlow myeloid 135A+/-+24Spindle tumor, malignant, NOS; up to 10 mit/40x. Ulcerated. Extensive F4/80 positivity in spindle cell tumor area.YESYESN/A 87A+/\--6Spindle tumor, malignant, NOS. Neutrophils are present in the necrotic area, but the tum. is not heavily infiltrated.YESYEShigh myeloid 89A+/\--8Subcut. abcess overlying lymphnode. Marked F4/80+ spindle cell proliferation in surroundings, neovascularisation. Neutrophils are associated with the abscess with puss.NOYEShigh myeloid SP,BL: CD11b exp. 83B+/-XLN (I296T)22Spindle tumor, malignant, NOS; up to 6 mit/40x. Ulcerated. Extensive F4/80 positivity in spindle cell tumor area. Neutrophils are abundant in the tumor mass even far from the ulceration.NOYESlow myeloid+ 105C+/-XLN (L272P)13Spindle tumor, malignant, NOS; up to 5 mit/40x. Extensive F4/80 positivity in spindle cell tumor area. Neutrophils are rare and they are not appear to be the integral part of tumor mass.NONOLow SP: CD11b exp. 49B+/++23Spindle tumor, malignant, NOS; up to 5 mit/40x. Extensive F4/80 positivity in spindle cell tumor area.NONON/ANo.p53 geno-typeWASp genotypeDeath after irradiation (weeks)HistologyEnlargedthymusSpleno-megalyHematopoietic infiltration (FACS)B) Lymphomas 119A+/-+24N/AYESYES  123A+/-+9Neoplastic, lymhoid infiltr. of BM,LN,SPL, liver and lungNOYESLIV: High T cell infiltr. BL: T norm, B lymphopeina 124A+/-+12Hematopoietic neoplasmNOYESLIV: T cell SP,BL: T cell exp. 78A+/\--24LymphomaYESYESLIV: T cell exp. 118A+/\--22LymphomaYESNOLIV: T cell exp. SP:CD34+ exp. 65B+/-XLN(I296T)18High grade lymphoblastic lymphomaYESYES  84B+/-XLN(I296T)20N/AYESN/A  101C+/-XLN(L272P)18N/AYESNO No.p53 geno-typeWASp genotypeDeath after irradiation (weeks)HistologyCause of deathSpleno-megalyHematopoietic infiltration (FACS)C) Mixed hematopoietic proliferation 44C+/-+15LIV: enlarged, white dotted LIV, SP, BM: hematopietic expansion LIV: Large numbers of F4/80+ cells Disseminated histiocytic neoplasm?Severe weightlossYESLIV: T cell (CD3+) and myeloid (CD11b+) infiltration SP: T,B compartments are replaced by lin-(CD3-CD19-CD11b-) cells BL: T,B lymphopenia 117C+/-+24Pre-neoplastic? SP,BM: myeloid proliferationEPYESLIV: T cell (CD3+) and myeloid (CD11b+) infiltration SP: norm. 111A+/\--24Pre-neoplastic? SP,LIV: mixed proliferation of hematopoietic components, probably lymphocytes and macrophages. SP,BM: myeloid proliferationEPYESMyeloid infiltraton in liver SP: T,B compartments are replaced by lin-(CD3-CD19-CD11b-) cells 114A+/\--10LIV, LN: mainly lymphopblastic proliferation with myeloid componentsSevere weightlossYESLIV (pale col.): High myeloid (CD11b+) expansion. T,B exp. SP: T,B compartments are replaced by lin-(CD3-CD19-CD11b-) cells BL (pale color): very high myeloid counts, T,B lymphopeniaNo.p53 geno-typeWASp genotypeDeath after irradiation (weeks)HistologyCause of deathSpleno-megalyHematopoietic infiltration (FACS)D) Unknown 101A+/\--18Large abscess on skin; reactive expansion of myeloid lineage?Prolif.YES  153A+/\--5N/ASevere weightlossN/A 

We herein sought to identify the tumor incidence, onset, and cell origin in WAS and XLN. Since no spontaneous tumor development has been observed in WASp^−^ knockout and WASp-XLN knockin mouse colonies, we established a tumor model where WASp mutant strains were bred onto tumor prone Trp53 (p53) deficient mice. As the *p53* gene is responsible for maintaining genomic integrity during genotoxic stress, p53 deficient mice develop spontaneous tumors with a high incidence.^[18](#CIT0018)^ In p53^±/-^ heterozygous mice, which shows only moderate tumor susceptibility, gamma radiation dramatically reduces the latency of tumor development.^[19](#CIT0019)-[21](#CIT0021)^ Due to irradiation induced mutations, the intact wild type *p53* allele is mutated in p53^+/-^ tumors, resulting in loss of heterozygosity (LOH), no functional p53 expression, and tumor growth.^[19](#CIT0019)^ Importantly, synergy between *p53* inactivation and other mutations lead to the emergence of specific tumor types such as p53 loss in Kras^G12D^ knock-in leads to AML ^[22](#CIT0022)^ or Eμ-myc transgene to B cell lymphomas.^[23](#CIT0023)^

Here we used the p53^+/-^WASp^−^ and p53^+/-^WASp-XLN mice to test if WASp mutations synergize with p53 in carcinogenesis. Using this model, we provide evidence for that WASp deficiency is associated with earlier onset of tumors. In contrast, gain-of-function XLN mutations in WASp led to later onset of tumors.

Materials and methods {#S0002}
=====================

Mice {#S0002-S2001}
----

Mice were bred and housed at animal facility of the Department of Microbiology Tumor and Cell biology at Karolinska Institutet under defined pathogen-free conditions. The WASp^−^ and the WASp-XLN (WASp-I296T and WASp-L272P) mice were backcrossed to the C57BL/6 (B6) background for at least 8 generations. Trp53tm1Brd (p53^−/-^) mice ^[18](#CIT0018)^ were bred with the WASp mutant mice to generate p53^+/-^WASp^−^, WASp-XLN, and p53^+/-^WASp^+^ mice as littermate controls. Twenty eight male p53^+/-^WASp^+^, 14 p53^+/-^WASp^−^, 16 p53^+/-^WASp-XLN (10 p53^+/-^WASp-I296T+6 p53^+/-^WASp-L272P), and 9 p53^+/+^WASp^+^ mice were sub-lethally irradiated with a single exposure of 4 Gy at a median age of 20 weeks (14--32 weeks) of age. All animal experiments were performed after approval from the local ethical committee (the north Stockholm district court, Dnr 272/13).

Histopathological examination of mice {#S0002-S2002}
-------------------------------------

Mice were sacrificed when they developed visible tumors, showed a severe weight loss, and/or showed signs of severe discomfort. A small number of mice died spontaneously with no early indication of deterioration of their health. Spleen, liver, lymph nodes, thymus, or sternum were collected during autopsy and tissues fixed in 4% neutral buffered formaldehyde solution (Sigma-Aldrich). Tissues were routinely processed, paraffin embedded, and 4µm sections were mounted on glass slides, deparaffinized and hematoxylin-eosin stained. For immunohistochemistry, sections were mounted on charged glass slides and deparaffinized. Following heat-induced epitope retrieval (HIER) at pH9 sections were incubated with monoclonal rabbit anti F4/80 (macrophage marker; dilution 1:100, clone SP115, Abcam), or monoclonal rabbit anti CD3 (T-cell marker; dilution 1:200, clone SP7, Thermo Scientific) and visualized by Leica Bond polymer refine detection on a Leica Bond RXm staining platform. For detection of B-cells, sections were heated for 40 min in citrate buffer (pH 6), manually incubated overnight with polyclonal goat anti Pax5 (dilution 1:2500; C-20, Santa Cruz), detected using rabbit-anti-goat (1:300, Dako) and visualized using Vectastain ABC and ImmPACT DAB kits (Vector Laboratories) according to the manufacturer's instructions, and countersained with hematoxylin. Stained sections were reviewed by a veterinary pathologist (R.K.).

Flow cytometry {#S0002-S2003}
--------------

To determine early onset changes of the cellularity in peripheral blood, blood samples were collected at regular intervals up to 15 weeks after irradiation and during autopsy. To quantify the amount of hematopoietic cells, AccuCheck counting beads (Invitrogen by Thermo Fisher Scientific) were added to heparin treated blood samples before staining. Red blood cells were lysed with hypotonic salt. For other tissues, single-cell suspensions of spleen, liver, thymus, and tumor were prepared, red blood cells were lysed, and cells were labeled with fluorescently conjugated anti-mouse antibodies: CD45 (APC-Cy-7; hematopoietic cells), CD3 (PE; T lymphocytes), B220 (FITC; B lymphocytes), CD11b (Pacific Blue; myeloid cells) and Ly6G (PE; neutrophils). Spleen suspensions and peripheral blood samples of mice were stained with CD3e (PE; T lymphocytes), CD19 (APC-Cy-7; B lymphocytes), CD11b and CD34 (FITC; hematopoietic progenitor cells). To block Fc receptor binding, purified anti-CD16/32 was added to the staining solutions. All antibodies were purchased from BioLegend. Dead cells were detected by using 4ʹ,6-Diamidino-2-phenylindol (DAPI) and excluded from the gating. Flow cytometric analyses were performed on an LSRFortessa X-20 using FACSDiva software (Becton Dickinson). Data were analyzed using the FlowJo software (Tree Star, Inc.).

### Tumor killing assay {#S0002-S2003-S3001}

The YAC-1 T cell lymphoma cell line was stable transfected with Luciferase-pcDNA3.^[24](#CIT0024)^ Luciferase-pcDNA3 was a gift from William Kaelin (Addgene plasmid \#18,964). Natural killer (NK) cells were purified from spleens of poly I:C injected mice with negative selection (Miltenyi Biotec). YAC-1-luciferase cells were co-incubated with NK cells in various ratios for 6h in 96 well plates. Luciferase activity was measured in lysed cells with luciferin substrate (Sigma-Aldrich). NK cell killing activity was calculated as percentage of luciferase signal of the total signal of YAC-1 cells in the absence of NK cells.

### In vitro neutrophil differentiation {#S0002-S2003-S3002}

Neutrophil differentiation in liquid culture was performed as described by Gupta et al. ^[25](#CIT0025)^. Hematopoietic progenitors and stem cells were purified from bone marrow suspension with negative selection (Stemcell Technologies). Equal cell density of each genotype was cultured for 3 days in the presence of SCF and IL-3. 50,000 cells were plated in each well of 96 well plates, and supplemented with SCF, IL-2, and G-CSF to induce promyelocyte differentiation for 2 days. Where indicated, samples were irradiated at day 3 with 1 Gy using X-ray. At day 5, cell numbers were determined with AccuCheck counting beads using flow cytometry.

Statistical analysis {#S0002-S2004}
--------------------

Data were analyzed and processed using Prism 7.0 software (GraphPad Software). Survival curves were generated by using the Kaplan-Meier method and compared by Gehan-Breslow-Wilcoxon test. Laplace regression ^[26](#CIT0026)^ was used to estimate the differences in the 10th and 20th percentiles of survival time between p53^±/-^WASp^±^ and p53^±/-^WASp^−^ or p53^±/-^WASp-XLN groups.

Results {#S0003}
=======

To evaluate tumor incidence, onset, and cell origin, we bred WASp mutant mice with p53^−/-^ mice to generate p53^+/-^WASp^+^ (28 mice), p53^+/-^WASp^−^ (14 mice), and p53^+/-^WASp-XLN mice (16 mice). To induce genotoxic stress, these mice were sublethally irradiated and followed for 24 weeks. Two weeks after irradiation, the blood B and T lymphocyte count dropped in all genotypes and then recovered at week 4 ([Figure 1A](#F0001)). p53^+/-^WASp^+^ rebounded to a higher lymphocyte count than p53^+/+^WASp^+^ (WT). p53^+/-^WASp^−^ mice had significantly lower number of blood T and B lymphocytes than the p53^+/-^WASp^+^ control mice during the whole period of monitoring, including the time before irradiation ([Figure 1A](#F0001)). Myeloid cell number in blood did not drop ([Figure 1B](#F0001) **left panel**), however 2 weeks after irradiation 2/16 p53^+/-^WASp-XLN mice (12.5%) showed a sharp temporary expansion of the myeloid compartment ([Figure 1B](#F0001) **right panel**). The expanded cells in these two p53^±/-^WASp-XLN mice represented a 7--9 fold increase in monocytes (CD11b^±^SSC^lo^ cells) and 11--20 fold expansion of neutrophils (CD11b^±^SSC^hi^ cells). Although this cell expansion occurred stochastic *in vivo, in vitro* bone marrow myeloid cultures of WASp-XLN (WASp-I296T and WASp-L272P) consistently showed higher rate of proliferation than WASp^±^ control cultures, regardless of p53 genotype or irradiation (**Fig. S1A**). Deaths in the cohort started at 6 weeks after irradiation and through the whole 24 week period, the survival curve shows that p53^+/-^WASp^−^ mice had lower survival rate when compared to p53^+/-^WASp^+^ and p53^+/-^WASp-XLN mice ([Figure 1C](#F0001)).10.1080/2162402X.2018.1468954-F0001Figure 1.Blood leucocyte counts and survival rate in the p53+/-WASp mutant tumor model. Blood lymphocyte (A) and (B) myeloid cell counts were determined with flow cytometry for 8 weeks after irradiation. Two-way ANOVA and Bonferroni's multiple comparison test. Mean±SEM. (B right panel: median myeloid count) (C) Kaplan-Maier survival curve of p53^+/-^WASp^+^, p53^+/-^WASp^−^, p53^+/-^WASp ^--^ XLN, and p53^+/+^WASp^+^ mice. (p value: Gehan-Breslow-Wilcoxon test).

Mice were sacrificed upon detection of a palpable tumor, upon severe weight loss, signs of severe suffering, or when reaching the end point set at 24 weeks. Terminal events during the experiment were initially categorized by macroscopic features and light microscopy on H&E sections. The presence of a visible (sub) cutaneous tumor ([Figure 2A](#F0002)) with spindle shape cells showing frequent mitoses ([Figure 2B](#F0002) left panel) was classified as sarcoma ([Table 1A](#T0001)). Severely enlarged thymus ([Figure 2A](#F0002) middle panel) or splenomegaly with extensive lymphoid infiltration of liver ([Figure 2B](#F0002) right panel) and lymphoid organs was classified as lymphoma ([Table 1B](#T0001)). Six other cases of deaths showed signs of both lymphoid and myeloid proliferation ([Table 1C](#T0001)) or there was no information to establish cause of death ([Table 1D](#T0001)).10.1080/2162402X.2018.1468954-F0002Figure 2.Phenotypical features of malignancies in the p53+/- irradiation model. (A) Sarcomas (upper panel) were initially identified as visible tumors on exteriors. Lymphomas (lower panels) were recognized in animals showing severe weight loss, enlarged thymus or a combination of extreme splenomegaly and other microscopic features. T: tumor; Th: thymus; Sp: spleen; Liv: liver. (B) Hematoxylin-eosin stained tissue sections from sarcoma (\#135A left panel) and lymphoma (\#65B right panel). (C) Body weight before sacrificing in control (survived until endpoint) mice vs. mice with various pathology and (D) spleen weight at endpoint in control (survived until endpoint) mice vs. mice with various pathology. ANOVA and Bonferroni's multiple comparison test. Mean±SD. (E) Cumulative % of tumor deaths was calculated by binning the frequencies of deaths into 4 weeks periods.

Examination of body weight revealed that mice with lymphoma and the uncharacterized cohort of mice showed marked weight loss shortly before death ([Figure 2C](#F0002)). Mice with sarcomas maintained their normal body weights ([Figure 2C](#F0002)). Similarly, mice with lymphoma and the uncharacterized cohort had splenomegaly while sarcoma mice had relatively small spleens at the endpoint ([Figure 2D](#F0002)). Plotting deaths over time showed that sarcomas were rising earlier while lymphomas appeared later ([Figure 2E](#F0002)).

Immune phenotyping showed that a large proportion (more than 50%) of spindle cells in sarcomas were positive for F4/80 (macrophage, myeloid lineage) ([Figure 3A](#F0003)). This phenotype is consistent with histiocytic sarcoma, a frequent tumor in C57BL/6 mice that can be triggered with chronic low-dose irradiation.^[27](#CIT0027)^ FACS analysis of the tumor cell suspension indicated a large proportion of hematopoietic (CD45+) cells in the tumor mass, which mostly came from the myeloid lineage and contained neutrophils when the tumor was ulcerating ([Figure 3B](#F0003) and [Table 1A](#T0001)).10.1080/2162402X.2018.1468954-F0003Figure 3.Immuno phenotypical features of maligancies in p53+/- irradiation model. (A) F4/80 immunohistochemistry of subcutaneous tumor. (\#135A) (B) FACS analysis of large ulcerating tumor. (\#87A) (C) Immunohistochemistry of liver in lymphoma with the indicated antibodies. (\#124A). (D) FACS analysis of thymus, liver, and spleen in mouse with thymic lymphoma. (\#78A) (E) Immunohistochemistry of liver of mouse with severe mixed hematopoietic proliferation. (\#44C). (F) FACS Liver (\#114A).

In the cases diagnosed as lymphomas, tumor cells dominating in lymphoid tissues and liver stained positive for the pan T cell marker CD3 ([Figure 3C](#F0003), [D](#F0003)). Interestingly, spleens frequently contained lineage negative (CD3-CD19-CD11b-) cells with lymphocyte morphology possibly due to downregulation of specific surface markers on the neoplastic cells. The third group of mice showed mild (\#117C and \#111A) and severe (\#44C, 114A) disease of mixed proliferation of hematopoietic cells. Mice \#44C and \#114A were sacrificed due to life threatening rapid weight loss. They exhibited scattered infiltration of leukocytes in liver mostly with myeloid but occasional lymphoid infiltrates with morphology suggestive of autonomous proliferation ([Figure 3E](#F0003), [F](#F0003)). Mice \#117C and \# 111A were selected in the disease cohort due to splenomegaly and hematopoietic liver infiltrates. Immune cell clusters in these mice showed perivascular location, consistent with histological changes in aged liver that is associated with carcinogenesis.^[28](#CIT0028)^

When compiling data, we found that although the frequency of deaths was almost double in p53^+/-^WASp^−^ mice compared to p53^+/-^WASp^+^ mice, the distribution of various cancer types was similar between all p53^+/-^ mice ([Figure 4A](#F0004)). One out of 9 irradiated WT (p53^+/+^WASp^+^) control mice developed histiocytic sarcoma. In contrast, lymphomas only occurred in p53^+/-^ mice ([Figure 4A](#F0004)). The death rate at 12 weeks was 10.6% of p53^±/-^WASp^±^ mice, 28.6% of p53^±/-^WASp^−^ mice (21.4% confirmed malignant), and 0% of p53^±/-^WASp-XLN mice and p53^±/-^WASp^±^ mice ([Figure 4B](#F0004)). The death rate of confirmed malignancies ([Figure 4A](#F0004), indicated in bold font) during 24 weeks was 35.7% of p53^±/-^WASp^−^ mice and 25.0% of p53^±/-^WASp^±^ mice. This suggests that the onset of tumor development differed between the groups. To compare the onset of deaths in each group, we calculated the survival time and confidence intervals at 10th and 20th survival percentiles (in each cohort corresponding to 90% and 80% live mice, respectively) from [Figure 1C](#F0001). We found that p53^±/-^WASp^−^ mice had earlier onset of deaths when compared to p53^±/-^WASp^±^ mice ([Figure 4C](#F0004) top panel). In contrast, p53^±/-^WASp-XLN mice had had later onset of deaths when compared to p53^±/-^WASp^±^ mice ([Figure 4C](#F0004) bottom panel) in these survival percentiles.10.1080/2162402X.2018.1468954-F0004Figure 4.Frequency of deaths in p53+/-WASp mutant tumor model. (A) Frequency of deaths per genotype. Bold text indicates malignant cause of death. (B) Time of death after irradiation. Causes of death are color coded as on Figure 4A. (C) Survival time and 95% confidence intervals at 10th and 20th survival percentiles was calculated from the [Figure 1C](#F0001) survival curve with Laplace regression. (D, E) Killing of YAC-1-luciferase tumor cells by NK cells was quantified with chemiluminescence. Mean±SD; Two-way ANOVA (D) and ANOVA with Bonferroni's multiple comparisons test (E). \*\*: p ≤ 0.01, \*\*\*: p ≤ 0.001, \*\*\*\*: p ≤ 0.0001.

The finding that there was no dominance of a specific tumor in the different WASp genotypes, suggested that altered tumor surveillance due to WASp mutations may contribute to the tumor incidence. To test tumor cell killing, NK cells were incubated with YAC-1 lymphoma cells expressing luciferase and the loss of luciferase signal quantified. WASp deficient NK cells showed reduced killing of YAC-1 lymphoma cells when compared to wildtype NK cells ([Figure 4D](#F0004)-[E](#F0004)) whereas WASp-XLN NK cells showed increased killing of YAC-1 lymphoma cells ([Figure 4D](#F0004)-[E](#F0004)). Together, this data suggests that reduced tumor immune surveillance by WASp deficient NK cells contribute to poor survival of p53^±/-^WASp^−^ mice and on the contrary, that overactive WASp in WASp-XLN NK cells lead to delayed tumor onset of p53^±/-^WASp-XLN mice.

Discussion {#S0004}
==========

Together, we describe a spontaneous murine tumor model where sub-lethally irradiated p53^+/-^WASp mutant mice developed solid tumors, lymphoid malignancies, and other pathological conditions. Although predominant in WAS patients, no B cell lymphomas developed in the p53^+/-^WASp^−^ colony. Targeted deletion of *p53* gene expression results an earlier occurrence of thymic lymphomas and only a small percentage of p53-deficient mice succumb to B cell lymphomas.^[29](#CIT0029)^ If *p53* is conditionally targeted in the B cell lineage, a very late onset of B cell lymphomas occurs and these lack immunoglobulin translocations^[29](#CIT0029)^. Importantly, we show here that WASp deletion itself does not alter the T cell lymphoma propensity bias of p53 mutant mice toward B cell malignancies. This suggests that WAS patient lymphomas do not stem from intrinsic failure of WAS B cells to suppress tumor transformation but rather an external factor such as the overall tumor surveillance defect of the WASp deficient immune system. We show here that WASp deficient NK cells have reduced capacity to kill YAC-1 lymphoma cells. B cell lymphoma predominance in WAS patients is likely to originate from oncogenic transformation of EBV infection or long exposure -- due to long lifespan -- of human B cells to proliferation signals. Noticeably, p53^+/-^WASp^−^ mice had a significantly decreased survival rate and they developed various early onset malignancies sooner than p53^+/-^WASp^+^ mice. It has previously been shown that WASp^−^ mice bred to tumor susceptible Cdkn2a knockout background also show earlier death and poor rejection of injected B16 melanoma cells when compared to WASp^+^ mice.^[30](#CIT0030)^ Poor tumor survival and rejection capacity is at least partly caused by reduced tumor surveillance by WASp^−^ NK cells and cytotoxic T cells as we and others have shown.^[30](#CIT0030)-[34](#CIT0034)^ It is therefore likely that poor tumor prognosis in p53^+/-^WASp^−^ could be explained by aberrant tumor surveillance by WASp^−^ cytotoxic cells.

Similarly to p53^+/-^WASp^−^ mice that do not develop B cell lymphomas, p53^+/-^WASp-XLN mice do not develop AML. Severe congenital neutropenias (SCNs), such as XLN are considered pre-leukemic conditions due to bone marrow failure. Although the exact pathophysiology of XLN is not known yet it is likely that AML emerges in XLN patients due to chronic neutropenia and the occasional G-CSF treatment. XLN mutations have been suggested to cause chromosomal instability due to increased F-actin load in the cytoplasm and elevated cytoplasmic viscosity which mechanically disrupt proper cell division.^[16](#CIT0016)^ We found here that WASp-XLN myeloid cells proliferated extensively *in vitro* and that two XLN-WASp mice showed marked myeloid expansion at 2 weeks after irradiation that was quickly resolved. Despite the dysregulated myeloid proliferation, XLN-WASp had late onset tumors. This suggests the myeloid expansion do not lead to transformation *in vivo* using this model. Importantly, p53 only responds to particular types of genotoxic stress and our experiments suggest that chromosomal abnormalities emerging in XLN fail to synergize with *p53* deletion .^[29](#CIT0029)^ In contrast to the p53^+/-^WASp^−^ colony, the p53^+/-^WASp-XLN mice developed cancer mostly with late onset leading to delayed mortality. This implies that p53^+/-^WASp-XLN mice were more resistant against tumor development when compared to p53^+/-^WASp^+^ mice and that tumor immunosurveillance was not impaired in p53^+/-^WASp-XLN mice. In fact, WASp-XLN NK cells showed increased killing capacity of YAC-1 lymphoma cells.

WASp mutations compromise the immune system at multiple levels.^[35](#CIT0035)^ In our model, tumor development depends on the combination of genetic predisposition to DNA mutations by p53 deficiency, environmental stress by gamma radiation, and compromised immune system by WASp mutations. Our results help to understand to multifaceted nature of carcinogenic effects of WASp mutations.

Supplemental data for this article can be accessed [here](http://dx.doi.org/10.1080/2162402X.2018.1468954). {#S0005}
===========================================================================================================
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